The development of wind turbine technology has led to higher and larger wind turbines with a higher sensitivity to dynamic effects. One of these effects is the aerodynamic damping, which introduces favorable damping forces in oscillating wind turbines. These forces play an important role in the turbine lifetime, but have not yet been studied systematically in detail. Consequently, this paper studies the plausibility of determining the aerodynamic damping of wind turbines systematically through wind tunnel experiments using the forced oscillation method. To this end, a 1:150 scale model of a prototype wind turbine has been fabricated considering Reynolds number effects on the blades through XFOIL calculations and wind tunnel measurements of airfoil 2D-section models. The resulting tower and wind turbine models have been tested for different operation states. The tower results are approximate and show low aerodynamic damping forces that can be neglected on the safe side. The measured aerodynamic damping forces of the operating turbine are compared to existing analytic approaches and to OpenFAST simulations. The measured values, although generally larger, show good agreement with the calculated ones. It is concluded that wind tunnel forced oscillations experiments could lead to a better characterization of the aerodynamic damping of wind turbines.
Introduction
Wind energy has become in recent decades one of the main renewable power generating capacities to reduce the emissions of CO 2 . For instance, wind energy was the second largest power generating capacity in the EU in 2016 with 16.7% of the total generated power [1] . This is partly due to the rapid development of wind turbine technology and multi-megawatt horizontal axis wind turbines (HAWT), which has led to higher hub heights and larger rotor diameters [2] . However, as towers get higher, more slender and more flexible, dynamic and aerodynamic aspects play increasingly a decisive role in the wind turbine behavior and therefore their design.
One of these aerodynamic aspects is the aerodynamic damping. The aerodynamic damping is an aeroelastic force which arises from the interaction between the oscillating wind turbine and the wind flowing around it. If high oscillation amplitudes occur, like in the case of tall onshore wind turbines and offshore wind turbines with monopile foundations, the contribution of the aerodynamic damping to the total damping is significant and beneficial, as the total damping is usually increased. This increase of the total damping leads to a reduction of the HAWT's oscillation amplitudes and fatigue loading at the lower tower sections, which results in a longer lifespan of the turbines and therefore a more economical energy production.
Consequently, some efforts have been made in the recent past to quantify the aerodynamic damping. This has been done, for example, through application of system identification algorithms to full-scale measurements and monitoring data of offshore wind turbines [3] [4] [5] [6] , or through the development of analytic closed-forms with different degrees of detail [7] [8] [9] [10] . Yet in general, it is assumed that the aerodynamic damping is already considered by multi-body simulation software used in the design of wind turbines [8, 10, 11] . This software runs dynamic simulations of the whole wind turbine system in the time domain, which implicitly considers variations of aerodynamic forces due to structure oscillations (i.e., aeroelastic phenomena). In this case, however, aerodynamic forces and aeroelastic effects can be simulated only as faithfully as given by the accuracy and validity of the underlying models. A more detailed explanation about these subjects is presented in the following section.
Although the modeling of wind turbines for wind tunnel tests has been considerably studied and documented in recent years, few to no wind tunnel studies for the determination of the aerodynamic damping of wind turbines are found in the literature. The study presented in this paper aims to change this by proving the plausibility of determining the aerodynamic damping of wind turbines in wind tunnel measurements through forced oscillations tests. The forced oscillations method has been used for decades in civil engineering to determine the aeroelastic properties of bridge decks and for the study of vortex-induced-vibrations (VIV) of circular chimneys and high buildings among others. One of the main advantages of this method is that the oscillation properties and the incoming wind flow are controlled and can be varied and combined in any desired manner. As a result, any of the different parameters involved in the aeroelastic phenomena can be selected, isolated and studied specifically. The novelty of this study lies in the use of the well established forced oscillations method for the determination of the aerodynamic damping of operating wind turbines. This method can contribute to identifying the main parameters on which the aerodynamic damping is dependent, as well as to describe it more accurately.
In the following, Section 2 presents the state-of-the-art of the aerodynamic damping of wind turbines and introduces the forced oscillations method. Section 3 shows the used wind turbine model, test bench and wind tunnel. Section 4 describes the wind tunnel measurements and the analysis methods. Finally, Sections 5 and 6 show and discuss the obtained results and give recommendations for a following thorough study of the aerodynamic damping of wind turbines through wind tunnel measurements.
State-of-the-Art and Previous Studies

Aerodynamic Damping of Wind Turbines
The aerodynamic damping is an aeroelastic magnitude that quantifies the fluid forces in phase with the speed of the oscillating body they act on. In the case of operating wind turbines, their oscillation in wind direction causes changes on the relative wind speed acting on the blades, and thus variate the attack angle and instantaneous lift forces. This phenomenon is represented in Figure 1 . The magnitude of the aerodynamic forces depends therefore directly on the oscillation speed and amplitude. As mentioned previously, the increase of tip oscillation amplitudes of wind turbine towers has led to a major relevance of the aerodynamic damping of wind turbines, which has been determined through many different methods in the past.
One of these methods is the analysis of measurement or monitoring data of full-scale turbines using stochastic subspace identification methods or other automated identification routines. For example, Devriendt and Weijtjens [4] used monitoring data of the Belwind offshore wind farm and automated operational modal analysis algorithms to determine values of the fore-aft aerodynamic damping during operation, which increased from approximately 2% to 7% for wind speeds from 1.6 to 22.7 m/s respectively. Using other monitoring data from a single turbine in the north sea in operating state they determined again values around 6-7% [5] . Hansen [6] applied stochastic subspace identification algorithms to the 3-month long measurements of seven strain gauges located in a wind turbine tower and determined an aerodynamic damping of around 13% for the fore-aft mode at high wind speeds (over 10 m/s). Hansen also tried to determine the aerodynamic damping from the decaying response of a previously harmonically excited wind turbine. This method proved less effective due to the difficulty of exciting one unique tower mode [6] . In general, there is a relatively large variation of the values determined through monitoring, which may be due to different turbine characteristics, boundary conditions, determination methods, etc.
Other methods to determine the aerodynamic damping are based strongly on the use of HAWT-specific software. For example, Van der Tempel presented in [12] a method to determine the aerodynamic damping from the variation of aerodynamic axial force in the rotor calculated with a wind turbine simulation program. Kühn also presents in [8] numerical linearization and non-linear time domain simulation (analyzing the tower top decay after an impulse loading) as alternative numerical methods to determine the aerodynamic damping. A detailed explanation of these methods can be found in the literature [8, 9] .
Finally, some authors have developed analytic closed forms, mostly based on simplifications of blade element momentum theory, which allow a quick estimation of the aerodynamic damping in all operation ranges of the wind turbine. These approaches may be especially useful for structural engineers, who may want to consider aerodynamic damping without having to use necessarily a HAWT-specific software [10] . The first approaches assumed a constant rotation speed of the wind turbine rotor, which allowed for some simplifications on the formulation of the aerodynamic forces and thus a better understanding of the aerodynamic damping. For instance, under the assumption of high tip speed ratios, small incoming inflow angles and negligible drag forces, Garrad [7] derived the following expression for the aerodynamic damping ratio of a blade element:
where c AD is the aerodynamic damping coefficient, c crit is the critical damping constant, ρ a is the air density, v Ω the rotation speed of the blade element, c the blade chord length,
∂α the lift coefficient derivative, m the modal mass, and ω n the first natural frequency of the equivalent wind turbine SDOF-system. Thus, in general, the aerodynamic damping of a wind turbine increases with rotation speed, blade chord length and steepness of the lift coefficient curve. Kühn [8] also gave an analytic closed form for the aerodynamic damping under the assumption of constant rotation speed rotors, which as exposed in [9] can be expressed as:
where N is the number of blades and Ω the rotor rotation speed. With additional assumptions, such as a small variation of ∂C L ∂α along angles of attack and blade length, Equation (2) can be simplified to:
where m 1,blade is the first order moment of the area of the chord [8] . This expression of the aerodynamic damping can be applied directly in the equation of motion of the wind turbine equivalent SDOF-system. Most modern high megawatt-wind turbines, however, use pitching strategies to regulate the rotation wind speed. This implies that a change in the incoming wind speed can cause a change in the rotation speed, and thus the assumption of constant rotation speed becomes inaccurate. For this reason, Cerda Salzmann and Van der Tempel [9] developed an approach that considers variable rotation speed rotors through a constant b, which is determined through HAWT-specific software. They found that at high wind speeds the drag coefficient should not be neglected, as its consideration led to 16% higher aerodynamic damping values than those determined neglecting the drag coefficient. They also deduced that the values calculated with the approaches explained above yield an approximate result, and not an upper limit of the aerodynamic damping. The aerodynamic damping ratio as defined in [9] is then rewritten as:
Valamanesh and Myers [10] developed a closed-form approach based on blade element momentum theory to describe the aerodynamic damping of HAWTs in fore-aft and side-to-side directions. Contrary to the approaches explained above, Valamanesh and Myers consider the blades' drag coefficients C D and the occurrence of large incoming flow angles ϕ in their formulation. A rigid rotor and a steady, uniform wind perpendicular to the rotor plane are assumed. The aerodynamic damping is then expressed through:
where A and B are the components associated to the incoming wind v and the rotor rotation speed Ω, respectively, and defined as:
The work of Valamanesh and Myers [10] shows that the aerodynamic damping in fore-aft direction is strongly dominated by the lift coefficient derivative ∂C L ∂α , which is contained in the B-component of the aerodynamic damping coefficient c AD . As a result, a correct determination of the lift coefficient curve is crucial for a correct estimation of the aerodynamic damping in fore-aft direction. Besides, the B-component decays when the wind turbine approaches the cut-out speed, while the A-component grows continuously until the cut-out speed.
Aerodynamic Damping in Civil Engineering Structures
Another field where aerodynamic damping plays a major role is in the dynamic behavior of bridges. Since the collapse of the Tacoma Narrows in 1940, aeroelastic phenomena affecting light, low-damped, long span bridges have been studied extensively in civil engineering. In this field it is habitual to perform wind tunnel studies of section models of bridge decks to determine their aerodynamic properties and flutter derivatives [13] [14] [15] [16] . The principles behind the methods used in these wind tunnel tests are well established, and their reliability has been well proven over decades. One of these methods is the forced oscillations method, in which the section model is forced to oscillate in a sinusoidal motion, and aeroelastic forces are measured through dynamic force sensors and separated into inertial and damping components according to their phase respect to the measured motion accelerations [17] [18] [19] . The measured aeroelastic forces are then expressed as aeroelastic force coefficients or flutter derivatives,in most cases according to the semi-empirical approach of Scanlan and Sabzebari [20] . A similar approach was developed by Steckley to measure the aerodynamic damping of chimneys and tall buildings [21, 22] . In this approach, the motion-dependent wind forces acting on an oscillating vertical cantilevered structure are expressed through a complex aerodynamic impedance. The real component, which is proportional to the motion displacement, is defined as aerodynamic stiffness α, while the imaginary component, which is proportional to the motion velocity, is defined as aerodynamic damping β. The base moment due to the motion-dependent wind forces can then be described by the following expression:
with H the structure height, ω the oscillation angular frequency, M o the structure generalized mass, η the ratio of air to structure density ρ a /ρ s , and y andẏ the structure's top oscillation amplitude and speed, respectively. A detailed derivation of the wind forces formulation for a prismatic cylinder can be found in [21] . The aerodynamic stiffness and damping coefficients are usually expressed as normalized curves over the reduced wind velocity v red . Through appropriate modifications, Equation (8) can be used to describe the aerodynamic damping of a sinusoidally oscillating wind turbine towers.
Wind Turbine Model and Measurement Equipment
Wind Turbine Model
The used wind turbine model was built in the course of the project "Soil-Structure-Drive Train-Interaction of wind turbines" (in the following only BBTI, from the German "Boden-BauwerkTriebstrang-Interaktion von Windenergieanlagen", see [23] ). In this project a prototype wind turbine was designed to perform an integral study of the influence of Soil-Structure-Interaction (SSI) effects on the drive train of the turbine, as well as on the whole wind turbine dynamic behavior. The prototype wind turbine had a hub height of 115 m, a rotor diameter of 125 m, an average tower diameter of 4.2 m, a first natural fore-aft oscillation frequency of 0.21 Hz, and a generalized mass of 273 tones (73 tones from the tower and 200 from the machine). The blades were defined as in NREL's 5-MW Reference wind turbine [24, 25] , although the original control and pitching strategies were slightly modified (see Figure 2) . The wind turbine model was conceived according to the HFFB-approach by Tschanz and Davenport [26] [27] [28] [29] , as well as to Steckley's approach [21] . In general, both approaches require essentially geometric similarity and high model stiffness to avoid resonances of the different model elements during the wind tunnel measurements.
Due to the wind tunnel section width and height of 2.5 m and 1.7 m respectively, a geometric scale λ g = 1 : 150 was chosen. This resulted in a wind turbine model hub height of around 77 cm, a rotor diameter of 83 cm and a blade length of around 42 cm. The tower model was milled from an aluminium tube, and was approximately 750 mm high, had an average diameter of 28 mm, and an exaggerated wall thickness to ensure enough stiffness. The blade models were milled from beech wood, which also ensured light and stiff blade models. The nacelle was replaced by a miniature gear motor, which was controlled through a potentiometer to set the required constant rotation speeds. A hall sensor and three magnets at the base of each blade enabled a precise determination of the rotation speed.
The modeling of an operating wind turbine requires the application of similarity laws [2, [30] [31] [32] . For the tower model, geometric and kinematic similarity were applied, i.e., equal geometry and reduced velocities:
where the sub-index 'M' and 'P' stand for 'Model' and 'Prototype', respectively. Keeping kinematic similarity in forced oscillation tests implied using high model excitation frequencies and low wind speeds to compensate for the geometric scale factor. For the aerodynamic scaling of the wind turbine rotor, the operation properties of the prototype turbine shown in Figure 2 are considered. In order to model the aerodynamic forces and angles of attack on the blade profiles properly, the tip speed ratio must be kept equal in model and prototype, i.e., λ P = λ M . This requires much higher rotation speeds to compensate for the scaled rotor dimensions. For instance, a wind tunnel speed of 20 m/s requires a rotor model rotation speed of 1650 rpm to match the prototype tip speed ratio. Due to model limitations, the maximum achievable rotation speed was around 500 rpm, which made necessary using lower wind speeds during wind tunnel measurements, typically around 5 m/s. Issues concerning dynamic similarity, which imply the matching of Reynolds number, are treated with detail in the following section. Finally, during the forced oscillation measurements, the ratio of rotor angular speed Ω to structure natural frequencies f n was kept for each operation state, that is:
where f e is the model excitation frequency. This ratio required model excitation frequencies such that the model and the prototype had the same reduced velocities in each operation state. The resulting wind turbine model is shown in Figure 3 .
(a) (b) (c) 
Scale Effects
To ensure a representative behavior of the flow around the model in wind tunnel measurements, the Reynolds numbers in the measurements must match those found in the prototype. Using a scale factor λ g = 1 : 150, this requires setting wind speeds 150 times higher in the wind tunnel, and rotation speeds around 250,000 rpm. Not only is this impracticable, but it also results in high Mach numbers that alter the aerodynamics of the blades in the wind tunnel measurements [31] . Therefore, dynamic similarity cannot be fulfilled in this case. Classically, if the modeled structure has sharp edges, failing to fulfill Reynolds number similarity is not critical, as the locations of boundary layer separation are well defined (see for example [33, 34] ). However, the curved sections in the wind turbine tower and blades makes them susceptible to Reynolds number effects. Therefore, previous investigations were performed to try to reduce or correct these effects in both cases.
In the case of the tower model, several wind tunnel measurements were performed on cylinders to determine if it was possible to account for Reynolds number effects using surface roughness modifications. As shown in [35, 36] , this was most efficiently achieved through dimpled patterns, which forced the flow transition to super-critical flow regimes at Reynolds numbers around Re = 4.7 × 10 4 (instead of the typical Reynolds numbers around Re = 5 × 10 5 ). However, achieving super-critical regimes using dimpled patterns in the tower model with approximate diameter D m = 27 mm would require wind speeds around 27 m/s, which are too high for the operation of the rotor model (see Section 3.1). Therefore, correct aerodynamic scaling of the tower could not be achieved. As seen in the following sections, this did not play a major role in the study results.
Scale effects due to Reynolds number mismatch did, however, play a major role in the aerodynamics of the wind turbine blades. Based on the scaling strategy explained above, the use of wind speeds around 5 m/s and rotor rotation speeds around 400 rpm led to Reynolds numbers in the model blades around Re = 2 × 10 4 , which differ from the Reynolds numbers around Re = 1 × 10 7 from the prototype. It has been stated in the literature, that issues with the behavior of the flow around the rotor blades arise for Reynolds number values below Re = 2 × 10 5 − 5 × 10 5 [31, [37] [38] [39] [40] . To study the flow properties around the model blades at Re = 2 × 10 4 , the polars of a representative blade airfoil, the DU25, were measured in wind tunnel tests using constant section blade models. Alternatively, the polars of the airfoil DU25 were calculated using XFOIL [41] for Re = 2 × 10 4 and Re = 1 × 10 7 (full-scale). The results are shown in Figure 4 . Although inaccuracies are expected when using XFOIL with such reduced Reynolds numbers [31, 42] , the calculated coefficients showed acceptable agreement with the experimental results. Therefore, the lift and drag coefficients of all blade profiles were calculated with XFOIL and assumed to represent approximately the real lift and drag coefficients of the wind turbine model. The calculated coefficients are shown in Figure 5 , and were used for the blade pitch angle correction, as will be explained later. 
Test Rig and Wind Tunnel
The experiments took place in the boundary layer wind tunnel of the Center for Wind and Earthquake Engineering of the RWTH Aachen. The main properties of the wind tunnel are summarized in Figure 6a . Previous measurements determined that wind and turbulence profiles could be modeled properly for wind speeds equal or higher than 5 m/s, therefore this was chosen as the minimal wind speed during the wind tunnel tests. During the measurements, a boundary layer wind corresponding to terrain category "I" of the Eurocode [43] (logarithmic wind profile with roughness length z 0 = 0.01) was modeled. To perform forced oscillation tests, a test bench was designed to force model sinusoidal pivoting motions. The test bench allowed setting different amplitude and frequency combinations. The forces at the base of the model were measured using a six-axis sensor. In all forced oscillation measurements, an accelerometer was placed within the oscillating system for the posterior spectral analysis. An overview of the test bench is given in Figure 6b . 
Wind Tunnel Measurements and Evaluation
Forced Oscillation Measurements of the Tower Model
First of all, the aeroelastic properties of the wind turbine tower were determined. Several tests with different tower model diameters (from D = 30 mm until D = 100 mm) and slenderness (from H/D = 12.5 until H/D = 25) were performed, but no essential differences were found in the results. The results showed some scatter, probably due to insufficient measurement time, and should therefore be considered as an approximation of the real aeroelastic properties of circular cross-section towers. The measurements were analyzed using spectral methods: the damping and inertial forces were identified through the cross-power spectral density between the measured accelerations and base moments. A more detailed explanation of this proceeding can be found in the literature [18, 36] . Equation (8) was further developed to consider circular cross-section structures and sinusoidal motion as follows:
with ρ a the air density, D the tower average diameter, H the tower height, ω the oscillation angular frequency, andŷ the structure's top oscillation amplitude. The results are shown in Figure 8 from Section 5.1.
Forced Oscillation Measurements of the Wind Turbine Model
The objective in this case was to study the aerodynamic damping of the whole wind turbine at the different operation states defined in Figure 2 . During the measurements, the model tip speed ratio λ M , the tower reduced velocity u red , and, consequently, the frequency ratio Ω/ f were set to match the ones of the corresponding operation state in the prototype.
The usual proceeding would require setting the blades' pitch angles according to the studied operation state, but due to the studied scale effects on the blades, another pitch strategy was followed. Because the lift coefficient derivative is expected to play a major role in the aerodynamic damping magnitude (see Section 2), priority was given to the similitude between the lift coefficients in the model and in the prototype. By observing Figure 4 , it was decided to apply a pitch offset of approximately 17 • to the model relative to the prototype turbine. The resulting pitch angles are shown in Table 1 .
Due to the limited rotor model rotation speed, only tip speed ratios lower than approximately λ = 4.5 could be achieved. After a convergence test, a measurement duration of 300 s was chosen for all measurements. Table 1 shows the aimed operation conditions. Hereby, v P and v M are the wind speeds in prototype and model respectively, Ω P and Ω M are the prototype and model rotor rotation speed respectively, f n,P is the prototype first fore-aft frequency and f e,M is the model fore-aft excitation frequency, and β P and β M are the blade pitch angles in prototype and model respectively. In forced oscillation measurements a reference measurement is required to differentiate aerodynamic damping from other types of damping acting during the experiments. In this case, the reference measurements were performed with the wind turbine model without rotor rotation, without wind speed, and for several excitation frequencies similar to the ones used during the measurements. The reference measurements were extrapolated to the actual frequencies used in the measurements (see Figure 7) . Figure 7 shows the measured damping base moments for the different operating conditions along the used excitation frequencies. These moments are obtained after using spectral methods to identify the moment components in phase with the oscillation speed ( [18, 19, 36] It was assumed that an adequate expression for the aerodynamic damping forces must have a similar form to those given by Garrad [7] , Kühn [8] , Valamanesh and Myers [10] , and Van der Tempel [11] , which have been briefly exposed in Section 2. First, assuming the damping forces from the tower model to be negligible, the base damping moments were divided by the model hub height to acquire the corresponding damping forces. A geometric factor for the normalization of the measurements is defined as: (12) with N the number of blades, ρ a the air density, Ω the rotor rotation speed, and m 1,blade the first order moment of the area of the chord. This factor contains geometric and operation information, and can therefore only be used for equivalent prototype operation conditions (same TSR, same ratio of Ω/ f n ). Besides, like some of the previous approaches, it assumes a constant damping coefficient along the whole blade, which is considered an acceptable assumption given the fact that the results will be applied to an equivalent, geometrically identical prototype. Assuming a model aerodynamic damping force of the form D a = c aẋ , with c a the wanted aerodynamic damping coefficient andẋ the oscillation speed, a normalized aerodynamic damping coefficient c a can be defined using the geometric factor defined in (12):
π f eŷ Nρ a Ωm 1,blade (13) with f e the oscillation excitation frequency andŷ the tower top oscillation amplitude, which in the tests was around 5 mm. Finally, to achieve the aerodynamic damping coefficient of the prototype, the results are scaled up using the geometric factor of the prototype:
This value can also be referred to the critical damping and expressed as damping ratio:
Results
Aerodynamic Damping of Wind Turbine Tower
The results of the tower model measurements are summarized in Figure 8 . The results express increasing aerodynamic damping with increasing reduced speed as well as an increase of the system stiffness and natural frequency (usually negligible). 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 The curves are not corrected for Reynolds number effects, and therefore must be treated as an approximation. We believe that the real aerodynamic damping curves may vary slightly, resulting in smaller damping values. For the sake of simplicity, it was assumed for the following calculations that tower aerodynamic damping does not vary due to tower shadow effects.
The measured curves were used to estimate the aeroelastic forces on the tower during the wind turbine model experiments according to Equation (11) , and showed to be negligible in comparison to the aeroelastic forces acting on the rotor. An exemplary calculation using Equation (11) is given in Table 2 . The three left columns describe the operating state of the turbine, and are common for model and prototype. The three middle columns describe the wind tunnel tests, and assume ρ a = 1.25 kg/m 3 , D = 0.023 m, H = 0.75 m, y = 0.005 m, as well as the corresponding excitation frequencies given in the table. It can be seen that the values are much smaller than those for the rotor aerodynamic damping (see Table 3 ). For the prototype in an equivalent situation (three columns on the right), the values ρ a = 1.25 kg/m 3 , D = 3.5 m, H = 112 m, y = 0.75 m have been assumed. Considering wind turbine moments in the range of 50-150 MNm, the aerodynamic damping of the tower represents around a 0.5-1% of the total base moments. As a result, ignoring the tower aerodynamic damping should not affect noticeably the security and life span of the wind turbine, an thus can be neglected on the safe side. 
Aerodynamic Damping of Wind Turbine
The aerodynamic damping of the prototype turbine was calculated for all operation wind speeds according using the analytic expressions of Valamanesh and Myers [10] and Kühn [8] .
Additionally, the aerodynamic damping was determined through simulations using the linearization tool of OpenFAST. To this aim, control systems and instationary effects were deactivated, and the structural damping was set to zero. For comparability, the aerodynamic damping of the model turbine (polars as in Figure 5 , pitch offset of 17 • ) is also calculated using the previously mentioned analytic approaches. The calculated, simulated and measured aerodynamic damping values are expressed as critical damping values in Figure 9 . All approaches show a growing aerodynamic damping until around the wind turbine rated speed v r = 11 m/s, and a relatively constant aerodynamic damping above this speed. The reason for this behavior can be most easily derived from Kühn's aerodynamic damping equation (see Equation (3)), although it is derivable from all expressions given above. In Kühn's expression, all parameters remain constant for all wind turbine operation states, except the rotor rotation speed Ω, which stays constant only above the rated speed. In this range, the magnitude and direction of the lift forces decrease due to blade pitching, but the value of the lift curve derivative ∂C L ∂α remains relatively constant. Actually, this value is typically almost constant for all angles of attack used in operation, see [7, 8] .
Considering the prototype wind turbine, the measured values lay principally between the results of the analytic approaches and the openFAST simulation. Regarding the model wind turbine, the measured values are between 5% and 40% larger than the predictions of the analytic approaches. The differences between both analytic approaches are larger for the model wind turbine. This is due to the consideration of, in the case of the model, not negligible drag forces and derivatives in the approach of Valamanesh and Myers.
The obtained damping values are used to estimate the damping base moments of the prototype turbine. For the prototype in equivalent situations to the wind tunnel measurements, the values Table 3 . These forces act in the opposite direction to the oscillation speed, and thus reduce considerably the fatigue damage at the tower base. Finally, in Figure 10 the measured normalized aerodynamic damping coefficients c a as defined in Equation (13) are compared to the polars of the airfoil DU25 for prototype's and model's Reynolds numbers. The measured damping coefficient values are plotted at high angles of attack as a result of the pitch offset of about 17 • used in the model during wind tunnel measurements (see Table 1 ). The measured c a values have a similar magnitude as the maximum lift coefficient derivative for the prototype's Reynolds numbers (Re = 1 × 10 7 ). This explains the similarities between the results of the analytic expressions, where ∂C L ∂α is dominant, and the measured values. As seen in Figure 9 , the measured values are between 5% and 40% larger than the predictions of the analytic approaches. This seems difficult to explain using the lift and drag coefficients' derivatives at model's Reynolds numbers (Re = 2 × 10 4 ). The differences may be due to the different airfoils found in the blade, or to other not considered effects. In any case, this aspect must be further investigated in future wind tunnel measurements. 
Conclusions and Outlook
The main objective of this study was to determine if it is possible to study the aerodynamic damping of wind turbines and its underlying phenomena through wind tunnel experiments using the forced oscillations method. The results of this study indicate that determining the aerodynamic damping of wind turbines through wind tunnel experiments is indeed possible, even though some issues must be addressed in future studies. In the following, these issues and some important aspects that could be observed during this study are summarized.
First of all, in all analytic approaches the derivative of the airfoil lift coefficient ∂C L /∂α plays a major role in the determination of the aerodynamic damping. As a consequence, the goodness of the aerodynamic damping determination will depend strongly on the quality of the airfoil polars and on the determination of ∂C L /∂α. Smooth lift derivative curves like the ones shown in the paper of Valamanesh and Myers [10] are rather uncommon; furthermore, if the polars are determined with software tools like XFOIL, the resulting peaky lift curves cause extreme values in the lift derivatives. For instance, we only obtained similar results to those shown on Valamanesh and Myers [10] when smoothing the lift coefficient curve over 15 • . This is exemplified in Figure 11 , where ∂C L /∂α has been determined for the airfoil DU25 at Reynolds number Re = 1 × 10 6 . The first ∂C L /∂α curve was calculated with a 1 • smoothing, the second one with a 15 • smoothing. For the computational determination of the airfoil's polars at the Reynolds ranges of interest, XFOIL was used. In the future, other methods based on CFD may be considered for the calculation of the polars. It is important to note that, in our opinion, the calculated polars should only be used in preliminary studies, full-scale calculations or predictions of wind tunnel results. For an accurate evaluation and interpretation of scaled wind tunnel measurements, we recommend always measuring in the wind tunnel the polars of the blades that will be used in the measurements.
Secondly, the results showed a high sensitivity to the tests' oscillation parameters. For instance, the forced oscillations measurements were repeated with slightly higher and lower excitation frequencies than the ones exposed above. In the worst cases, the results varied as much as 20%, as shown in Figure 12 . This emphasizes the need of setting as exactly as possible the involved test parameters, as well as the need of long and repeated measurements to account for wind turbulence and measurement inaccuracies. Future measurements should include uncertainty quantifications to better identify critical parameters in the wind tunnel measurements, as well as to quantify the meaningfulness of the results.
Finally, all measurements have been performed at low tip speed ratios due to the model's large scale factor. In modern multi-megawatt wind turbines, these tip speed ratios are normally found at wind speeds above the rated one. These high wind speeds are scarcer in the wind turbine lifetime, as it can be derived from typical wind speed probability distributions, such as Weibull or Rayleigh probability density functions. Future studies should include measurements at optimal tip speed ratios (under rated wind speeds), ideally larger than λ = 5. At these ideal tip speed ratios, the aerodynamic damping may be lower than at lower tip speed ratios, as partial flow separation may occur due to operation close to stall, see [9] .
Regarding future measurements, some improvements should be considered before performing them. One of the most critical aspects on wind tunnel testing are scale effects due to non-matching Reynolds numbers. As the profile polars are critical for the aerodynamic damping characterization, their exact determination and their insensitivity to scale effects should be guaranteed in any study. One of the most promising approaches is the use of low-Reynolds blade profiles, which present more stable lift curves in the ranges of interest and whose efficiency has already been proven in scaled wind turbines for wind tunnel experiments (see [44, 45] ). Extensive studies of these profiles can be found in the literature, where profile polars for Reynolds numbers as low as Re = 30 × 10 3 can be found [46] [47] [48] [49] .
Some specific aspects which occurred in this study should be avoided in future ones. For instance, extrapolation of reference measurements as shown in Figure 7 should be avoided. The measurements should be performed under laminar or low turbulence flow, to ensure a uniform loading of the rotor and simplify the studied situation. More measurements should be done for each operation condition, and ideally more operation conditions should be tested. Additionally, measurements of special conditions (pitch error, yawed error, forced false pitch angles) could be performed to prove the validity of the considered analytic approaches.
Correction factors have been used in the project BBTI to account for scale effects, see [23] . This should be avoided in the future, as these factors assume the knowledge of the exact blade behavior, and can introduce additional errors in the results. An exact determination of the blade profile polars should always be prioritized.
The wind turbine model used in this study bases on the reference wind turbine of the BBTI project [23] , which is similar to the reference 5MW NREL turbine. Prototypes of future wind turbines aim to larger hub heights and rotor diameters than the ones used in this study, which will probably increase the importance of aerodynamic damping. Future measurements should therefore use wind turbine models based on larger wind turbines, with hub heights and rotor diameters approximately over 140 m and 150 m, respectively.
Finally, future wind tunnel measurements are planned considering the points exposed above. The measurements will be performed using low-Reynolds blade profiles to reduce scale effects and avoid the need of correction factors. Previously to the measurements with the whole wind turbine model, forced oscillation measurements using 2D-section models of the blades' airfoils will be performed. This will allow an accurate determination of the aeroelastic wind forces on the blades' profiles depending on oscillation amplitude and frequency, as well as close or over the stall state. While measuring the whole rotor, the involved main parameters, such as tip speed ratio, blade pitch, and forced oscillation amplitude and frequency, will be varied to study their impact on the aerodynamic damping.
In summary, one of the advantages of forced oscillation tests is the possibility to choose each of the dynamic parameters involved in the measurement, such as oscillation frequency and amplitude, tip speed ratio, and rotation to oscillation frequency ratio. This advantage allows studying individually the effect of each dynamic parameter, as well as identifying which parameters are of major relevance for the aerodynamic damping of wind turbines. Future wind tunnel measurements applying systematic variations of these dynamic parameters could facilitate considerably the development of analytic or semi-empirical expressions that describe accurately the aerodynamic damping of wind turbines. This could, one the one hand, allow a more accurate prediction of the wind turbine lifetime and, on the other hand, make possible the development of strategies that increase wind turbines aerodynamic damping, lifetime and profitability. 
